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Abstract: The study of spread of cryogenic liquids is an essential procedure for assessing the risk of using cryogenic liquids. There
are various numerical models for describing the spread of a liquid pool formed by leakage of a cryogenic liquid. Some models, such
as the constant Froude number model and the shallow layer model, require the vaporization velocity as the input variable. The
vaporization velocity should be determined experimentally because the heat transfer mechanism between the liquid pool and the
surrounding is very complicated and difficult to model. In this study, liquid nitrogen and liquid oxygen were continuously discharged
onto a 3 m diameter unbounded concrete plate to measure the vaporization velocity when the liquid pool was spreading. Since the
concrete plate is heavy, it is impossible to simultaneously measure the radius of the pool using the thermocouple and the mass of the
pool using the electronic scale. So only the spread radius of the pool was measured. Therefore, the vaporization velocity was
evaluated based on the semi-analytical model using pool spread data. Various release rates were obtained using several nozzles, and
the effect of the rates on the vaporization velocity was investigated.
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1. Introduction

In several industries, cryogenic liquids such as liquefied
hydrogen, liquefied natural gas, and liquid nitrogen have been
extensively utilized. However, accidental releases from storage
vessels in industrial plants, including transportation, can results
in disastrous situations. When a cryogenic liquid leak from
storage equipment and spreads to the outside, a liquid pool is
generated. The temperature of the cryogenic liquid pool is much
lower than the ambient temperature; therefore, it experiences
intense boiling by heat transfer from the environment.
Consequently, the cryogenic liquid pool can evaporate and
develop into a vapor cloud. The main heat transfer mechanisms
are conduction heat transfer from the ground, convective heat
from the surrounding air, and sun radiation. If the spilled liquid
is combustible, different types of fires and vapor cloud
explosions can occur. In addition, if the liquid contains toxic
materials, its dispersion into the atmosphere with wind may
cause serious problems for neighboring districts that have
plants. Therefore, studies on the spread and evaporation of
cryogenic liquid pools are important for the risk assessment of

cryogenic liquid storage facilities.

Several types of models have been developed based on
analytical solutions [1][2] and numerical analyses [3]-[6] to
predict pool spread. Almost all models have ignored radiative
heat transfer and convective heat transfer; only heat transfer
from ground by conduction was considered. A fundamental
element of these models is to neglect the energy and
vaporization velocity equations of the liquid pool by
introducing the vaporization velocity, i.e., the volume
evaporated per unit area per unit time, which is equal to the rate
of change of the pool mass per unit area divided by the liquid
density [7]. These equations are complicated, meaning a stable
solution is difficult to obtain. Therefore, in all of the studies, the
vaporization velocity was used as an input variable.

In many experimental studies measuring the vaporization
velocity, cryogenic liquids are instantaneously poured onto a
confined plate to limit spread, creating an instantaneous release
where the release time is much shorter than the evaporation
time [8]. In this non-spreading pool [9]-[12], the ground surface

temperature decreases monotonically, and the conductive heat
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flux is continuously reduced as well. The spread that can occur
in the early stages of the non-spreading pool has not been
considered because the spread time is short. However, in real
accidents the liquid pool continues to leak on an unconstrained
surface, causing both spread and evaporation. This liquid pool
spreads continuously over new hot surfaces such that the heat
energy by conduction can be supplied more efficiently in the
spreading pool than in the non-spreading pool. The
measurement of vaporization velocity in spreading pools has
been performed [13][14], and two measurement methods were
developed. One is the simultaneous measurement of the spill
rate and the mass and radius of the spreading pool, and the other
is based on the semi-analytical method.

In the present study, liquid nitrogen and liquid oxygen were
continuously discharged onto a 3 m diameter unbounded
concrete plate to measure the vaporization velocity while the
liquid pool was spreading. It is impossible to measure the radius
and mass of the pool simultaneously using a thermocouple and
an electronic scale, respectively, because the concrete plate is
extremely heavy. Therefore, only the spreading radius of the
pool was measured. The vaporization velocity was evaluated
based on the semi-analytical model using the pool spread data.
Various spill rates were obtained using several nozzles, and the

effect of the rates on the vaporization velocity was evaluated.

2. Vaporization Model

The main source of thermal energy for the evaporation of
cryogenic liquid spilled on land is the heat energy stored in the
ground. Initially, the heat transfer of the film-boiling type,
which is affected by the vapor blanket formed between the
liquid and the ground surface, dominates. However, as the
ground surface temperature decreases, the vapor film disappears
and nucleate boiling starts, resulting in a better thermal contact
and faster heat transfer between the liquid and ground. Hence,
the conductive heat flux into the liquid pool from the ground
controls the liquid evaporation. Based on these phenomena, an
evaporation model can be established by adding the following
assumptions: 1) only the heat source through the ground
governs the evaporation, 2) the liquid pool is sufficiently thin
and the entire pool is at a uniform temperature equal to its
boiling point, 3) the liquid pool is in perfect thermal contact
with the ground, and 4) the conduction heat transfer from the
ground to the liquid pool is one dimensional in the direction of

gravity.
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By solving the one-dimensional heat conduction equation
modeled by the assumptions above, the heat flux into the liquid

pool is expressed as follows [1]:

_ k(Ta - Tb)
GO

03 ®
Here, g~ is the heat flux, k the thermal conductivity of the
ground, T, the ambient temperature, T}, the boiling point, a the
thermal diffusivity of the ground, and t the time.

For the non-spreading pool where the pool area has not

changed, the vaporization velocity is obtained as follows:

q, k(Ta - Tb) —05

EFE =—=—
" pL  pL(mwa)®Ss

2
Here, E, is the vaporization velocity of the nonspreading
pool, p the liquid density, and L the latent heat of vaporization.
Based on the vaporization velocity of the non-spreading pool
shown in Equation (2), the vaporized volume from the annular
element of the spreading pool in Figure 1 becomes
k(Ta - Tb) —0.5
V=2TL'TdT'W(t—T) . (3)
Here, V is the vaporized volume, r the radius, and 7 the
spreading time for the annular element to reach the radius r; the
pool is assumed to be a circular cylinder, and t is the arrival
time of the spreading pool at radius R from the origin where t =
0.

@\ A1)
o \R(D)

Figure 1: Evaporation from the spreading pool

Subsequently, the vaporization velocity of the spreading pool

with radius R is

RO 2mrdr
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Here, E; is the vaporization velocity of the spreading pool.

The vaporization velocity of the non-spreading pool can be
determined easily because it is a function of time only, as shown
in Equation (2). Meanwhile, it is not straightforward to obtain
the vaporization velocity for the spreading pool because it is
dependent on hoth the time and pool area, and annular ground
elements are in contact with the liquid for different time
periods, as shown in Equation (4). The vaporization velocity as
a function of time t only can be obtained if the spread data r(t)
are known. In the current study, the spread data were measured
using several thermocouples installed at specific intervals.

Therefore,

Es

" mR? pL(ma)°s

1 k(T,—Tp) le(fn 2mrdr
o (t —1)0s
Ry (t2) 2nrdr Ru(tn)
e |
Ry (t1) (¢t~ T)O.S

2nrdr
] Q)

Rp—1(tn-1) (t— T)O.S

Here, R; is the location of the nearest thermocouple from the
center of the ground, and R,, is for the farthest thermocouple. If
the measured radius can be assumed to be linear with time in

each range, it can then be expressed as follows:
r(T) = ¢; + CT (6)

Equation (5) can be integrated analytically as follows:

J‘RZ(tZ) 2nrdr J‘tZ 2m(cy + c;7)d(cq + ¢37)
Ry(t1) (t- T)O.s t (t- T)O.s

2 1
= _4'71'(:2 I:ﬂt - tz (§C2t + Cq1 +§C2t2)
2 1
_ﬁt_tl (§C2t+cl +§C2t1>:| (7)

3. Experimental Setup
The cryogenic liquids used in the experiments were liquid
nitrogen and liquid oxygen; their physical properties and those
of the concrete ground are shown in Table 1 and 2.
The experimental apparatus comprised a digital balance, a
liquid storage tank, thermocouples, and a data acquisition

device, as shown in Figure 2.

Releass hose
Thermecouple holder
Nozzle

L LLL.L
i Frame

Figure 2: General schematic layout of the experimental apparatus

Valve

Table 1: Properties of liquid nitrogen and liquid oxygen at at-
mosphere [15].

Density, Latent heat of Boiling temperature,
kg/m3 vaporization, ki/kg K
LN2 8084 198.6 773
LO2 | 11409 212.9 90.1

Table 2: Properties of the concrete ground [11].

Density, Thermal conductivity, Thermal diffusivity,
kg/m3 Wi/(m-K) m2/s
2300 1.04 9.5x107

A digital balance with a resolution of 0.1 kg was used to
measure the liquid weight in the storage tank under test. The
release rate can be evaluated from the liquid weight over time.
The liquid tank was well insulated to prevent heat from being
transferred from the ambient to the liquid. The cryogenic liquid
was released from the tank onto the center of the 3 m diameter
concrete plate through a discharge nozzle. The concrete plate
was sufficiently thick to represent a semi-infinite ground during
the experiment. The concrete plate was verified prior to every
experiment by a spirit level to ensure that it was horizontal.
Four discharge nozzles with different inner diameters were used
to obtain four different release rates. Four experiments were
performed for each nozzle for a consistent experiment, and the
estimated average release rates and release times are shown in
Table 3. The thermocouples used in this study were K-type
thermocouples produced by OMEGA with a probe diameter of
0.5 mm and a response time of 0.25 s. The thermocouples were
distributed in two perpendicular directions, as shown in Figure
3, to determine the arrival time of the pool front at
predetermined locations. The thermocouples were held by
thermocouple holders. In general, each thermocouple holder
could hold five thermocouples. A total of 23 thermocouples
were installed along each direction, and the distances of the
thermocouples with reference to the center of the concrete plate

are listed in Table 4.
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Table 3: Release rate and time.

Nozzle Diameter. Liquid nitrogen Liquid oxygen
mm Re el Release time, s ReL oIt Release time, §
kgls x10* m¥/s ' kgls x10** m¥s '
6 0.045+0.005 0.558+0.062 1717+155 0.069+0.001 0.605+0.006 121415
10 0.072+0.002 0.893+0.025 1071433 0.115+0.003 1.004+0.023 741421
14 0.147+0.002 1.824+0.025 52247 0.226+0.022 1.981+0.193 373439
18 0.276+0.016 3.424+0.198 277417 0.383+0.017 3.359+0.153 232411

Table 4: Thermocouple location.

Thermocounle Distance from the plate Thermocouple Distance from the plate
P center, m P center, m
West Nol, South Nol 0.204 West No13, South No13 0.734
West No2, South No2 0.219 West Nol4, South Nol4 0.796
West No3, South No3 0.234 West No15, South No15 0.811
West_No4, South No4 0.296 West_No16, South Nol6 0.954
West No5, South No5 0.311 West Nol7, South Nol7 0.969
West No6, South No6 0.454 West No18, South No18 0.984
West No7, South No7 0.469 West No19, South No19 1.046
West No8, South No8 0.484 West No020, South No20 1.061
West_No9, South No9 0.546 West_No21, South No21 1.204
West No10, South No10 0.561 West No22, South No22 1.234
West Noll, South Noll 0.704 West No23, South No23 1.311
West No12, South No12 0.719
addition, the error range of the data, i.e., the standard deviation,
increased in the late period of spread. Furthermore, the spill rate
Thermocouple slot was almost constant during the experiment owing to the weight
s of the liquid remaining in the storage tank.
West line = b
15 mm
— — ——— South line .
62 mm 08 T T T T T T T T 80
l Thermocouple holder ‘ L,
l- 15 mm 0.7 E=———x1
l E 0.6 - 60
g >
I § 0.5 z
I g o] o3
@) (b) E sl £
» —=— South line g
. . é 0.2 —e— West line F20 @
Figure 3: Thermocouple arrangement (a) Schematic layout; (b) 2 Remaining liquid in the tank
0.14
Details of the holder
0.0 0

T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Time, s

A thermocouple was installed with its tip being in contact with Figure 4: Spread data for the 6 mm nozzle
the plate surface. The liquid pool was assumed to have spread to
a thermocouple location if the temperature measured by the 075 T T T T T T L
R —=a— South line _7
thermocouple reduced significantly to the boiling point of the 0704  ——Westline |
.. . ) £ = = Equivalent pool radius
liquid. The data acquisition system simultaneously recorded 5 oo
data obtained from the digital balance and thermocouples. 8 --"
§_0.60- e _
5 1
4. Results and Discussion 8 *%] Sk ]
] v
The experiment was repeated four times for the same nozzle. 3 050+ ~ b
As shown in Figure 4, the spread rates in two directions were 0.45 . . | . . .
.. .. . 0 400 600 800 1000 1200 1400 1600
similar at the initial stage of spread, but the spread rate in the Time, s
South direction was larger when the distance exceeded 0.5 m. In Figure 5: Equivalent radius for the 6 mm nozzle
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This non-uniform spread was due to the difficulty in
producing a precise concrete plate; therefore, this spread was
assumed as elliptical for data processing. To obtain a circular
spread corresponding to this elliptical one, an equivalent radius
was introduced as follows: R(t) =+ab, where R is the
equivalent circular pool radius, and as shown in Figure 5, a and
b are the mean values of the boundary positions of the elliptical
pool obtained in the four replicate experiments. Furthermore, a
and b can be determined by linear interpolation using the
neighboring experimental data of pool boundary along the West

and South lines.

12 T T T T T
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g | |
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Figure 6: Equivalent radius for liquid nitrogen
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Figure 7: Equivalent radius for liquid oxygen

The spread of liquid nitrogen and liquid oxygen using the
equivalent radii defined above is shown in Figure 6 and 7. As
shown, the average spread rate increased with the release rate
for both liquids, which was due to the increase in the inertia
force with the increasing release rate [14]. The spread rate of
liquid oxygen was slightly larger than that of liquid nitrogen
was due to the difference in the release rate of both fluids. As
shown in Table 3, for the same nozzle, the release rate of liquid

nitrogen was smaller than that of liquid oxygen.

The vaporization velocity versus pool radius was calculated
for both
methodology described in Section 2. The methodology required

liquid nitrogen and liquid oxygen using the
the pool radius to be a linear function of time. Therefore, the
equivalent radius curve was divided into approximated linear
sections. The distance between two calculation points was 0.05

m. The results are shown in Figure 8 and 9.
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Figure 8: Vaporization velocity versus pool radius for liquid

nitrogen
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Figure 9: Vaporization velocity versus pool radius for liquid

oxygen

The vaporization velocity was calculated from the pool radius
of 0.2 to 0.6 m for liquid nitrogen, and 0.75 m for liquid
oxygen. Those are the maximum pool radii of the case with the
smallest release rate. The case with nozzle diameter D = 14 mm
indicated abnormal results at the pool radii of 0.45 and 0.3 m
for liquid nitrogen and liquid oxygen, respectively, which were
different to the other cases. The abnormality was not considered
a physical behavior. It was discovered that the greater the

release rate, the higher the vaporization velocity. This can be
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explained by investigating the contact time of an annular
ground element with fast- and slow-spreading pools when the
pools spread to a predetermined radius. As the release rate
increased, the pool spread faster. When both pools spread to the
same radius, the contact time of an annular ground element with
the liquid in the fast-spreading pool was shorter than that of the
slow-spreading pool. Therefore, the vaporization velocity of the
fast-spreading pool was higher than that of the slow-spreading
pool, as shown in Equation (5). In addition, the vaporization
velocity decreased with increasing pool radius. This tendency

was the same as that observed in an even-spreading pool [13].

1.0x10° . . . . : :
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Figure 10: Vaporization velocity versus time for liquid nitrogen
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Figure 11: Vaporization velocity versus time for liquid oxygen

The vaporization velocity versus time is shown in Figure 10
and 11 for liquid nitrogen and liquid oxygen, respectively. As
described in the introduction section, the non-spreading pool
has a constant surface area. Its vaporization velocity depends on
time only, as can be calculated in Equation (2). Meanwhile, the
vaporization of the spreading pool depends on both time and
pool radius, as shown in Equation (5). As shown, the

vaporization velocity decreases with time. The vaporization

Yongshik Han -
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velocity of a spreading pool is higher than that of a non-
spreading pool. This is because the spreading pool can receive
heat from new warm ground. The effect of the release rate on
the vaporization velocity versus pool radius was clearly
observed. However, it was difficult to distinguish the effect of
the release rate on the vaporization velocity versus time. This
was because the differences in the release rate among the cases
were insufficient to identify the effects.

5. Conclusion

In this study, spreading and vaporization experiments of
liquid nitrogen and liquid oxygen on concrete ground were
conducted. Pool radius as a function of time was the only
measured parameter. A semi-analytical model was derived
based on the solution of a one-dimensional unsteady heat
conduction equation. Subsequently, the vaporization velocity
was evaluated based on the semi-analytical model using pool
spread data. The model did not require the release rate and pool
mass. The results indicated that a greater release rate resulted in
a faster-spreading pool, which consequently increased the
vaporization velocity at specified pool radius values. However,
the effect of the release rate on the vaporization velocity versus
time in the experimental cases was not evident owing to the
small range of release rate. Furthermore, the vaporization
velocity decreased with both the pool radius and time. This

tendency was also observed in an even-spreading pool.
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